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bovine serum albumin 
adenosine 3’,5’-cyclic monophosphate 




epidermal growth factor 
O,O’-bis(2-aminoethyl)ethyleneglycol-N,N,N’,N’-tetraacetic acid 
Eagle’s minimum essential medium 
extracellular signal-regulated kinase 
fetal calf serum 
fluorescence resonance energy transfer 
GTPase-activating protein 
guanosine 5’-diphosphate 
green fluorescent protein 
G protein-coupled receptor 
glycosylphosphatidylinositol 
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PDE 
PFA 
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PIP2                                
PKC 
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linker for activation of T cells 
lactate dehydrogenase 
lysophosphatidic acid 
myristolated alanine-rich C kinase substrate 
methyl-β-cyclodextrin 
N-ethylmaleimide 
nerve growth factor 

























sodium dodecyl sulfate 
son of sevenless protein 
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??????? GPCR ??????????????GPCR ????????
????????????????? [30]?GPCR ???? G ???????
????????????????????????GPCR?????????
?? G?????? α??????? guanosine 5’-diphosphate (GDP) ????






? (Table 1)????Gq?????????Gαq/11 [31]?phospholipase C (PLC) [32]?
phosphatidylinositol 4, 5-biphosphate (PIP2) [32] ??Gs??????????Gαs  
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? [53]????????????? [54]???????????????? [55]?
???????????????????????????? Ca2+????? 
[56, 57] ????????????????????????? 1988 ??
Higashijima??????PTX???? G???????? Gi/o???????
?????????????????????G ?????????????
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?????? [59]?????????????? HIV-1? T????????











2-2.? ????  
 
2-2-1.? ??  
? ??????????????????????????????????
???????[Tyr3]???????????????????????????
Dulbecco’s modified Eagle’s medium (DMEM) ????????????FuGENE 
6 transfection reagent? Roche Diagnostics???????G-418????????
GM1?GQ1b? Calbiochem???????GD1a?GD1b???????????
Ganglioside mixture?GT1b?uridine 5’-triphosphate (UTP)?asialoganglioside-GM1?
???????????????metyl-β-cyclodextrin (MβCD)?? Sigma Aldrich
?????????????? E-????????????????? C??
????????????[myo-1,2-3H]Inositol? American Radiolabeled Chemicals
???????[2-3H]Adenine?Amersham Pharmacia Biotech???????[8-14C] 




2-2-2.? ?????  
? Gαs-green fluorescent protein (GFP) fusion protein expression plasmid? Prof. Mark 
M. Rasenick (University of Illinois at Chicago, College of Medicine, Chicago, Illinois) 
?????????? 
 
2-2-3.? ????? Gα s-GFP?????????  
?PC-12?????????????? 10% fetal calf serum (FCS), 5% horse serum, 
50 U/mL penicillin?? 50 U/mL streptomycin????? DMEM??? 5% CO2
? ???
????37???????1321N1 ?????????????? 5% FCS, 50 
U/mL penicillin?? 50 U/mL streptomycin????? DMEM??? 5% CO2??
??37???????Gαs-GFP ???????????? FuGENE 6 ????
?????????????????????????? 200 µg/mL G-418??
????????????????????Gαs-GFP????????? 
 
2-2-4.? ??? Ca2+????  
???? Ca2+?? ([Ca2+]i) ??????? Ca2+?????? Fura 2??????
??????37???????????? (F-2000, ??) ????????? 
?PC-12??? 150-mm??????????3?????modified Tyrode solution 
(?? Tyrode? ; 137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2, 0.18 mM CaCl2, 20 mM 
HEPES, 5.6 mM glucose, pH 7.4) ? 2?????1 µM fura 2 acetoxymethyl ester (fura 
2-AM) ??? Tyrode??????? 37?? 15??????????????
????????Tyrode?? 2?????1.0?106 cells/mL?????????
???????fura 2?????????? (???? 340 nm?? 380 nm??
??? 510 nm)?????? 3.3 mM EGTA??????????? 0.1% Triton 
X-100????????????? 10 mM CaCl2?????????????fura 
2? Ca2+?????? 224 nM???[Ca2+]i?????? 
 
2-2-5.? ??????????????  
?PI????? Nakahata? [57] ??????????????PC-12??? 2.0
?105 cells/well ?????? 12-well ??????????2 ??????[3H] 
myo-inositol? 2 µCi/mL ??????????? 1?????????????
?????PTX?????????[3H] myo-inositol??? 100 ng/mL????
?? PTX?????20 ??????????? PC-12??? Tyrode?? 2?
? ???
????10 mM LiCl?? 2 mM EGTA???? Tyrode?????? 37????
???????LiCl ???????-1-??????????????????
????????????????????????????????? [63]?
?????????????? 10% trichloroacetic acid (TCA) ????????
??????TCA???? 1800?g? 5?????????????????
??? 3????? TCA??????47?????????????????
????????????????????????????? (AG 1X-8, 
100-2000 mesh, formate form, Bio-Rad) 0.6 mL???????????????
??????? 1 M ?? 8 mL???????? 8 mL 2??????????
????????????????????? 6 mL????????????
?? 50 mM???????? 6 mL???????????????????




2-2-6.? ?????????  
? 100-mm?????????? PC-12????? 150-mm?????????
? 1321N1??? Tyrode?? 2?????????????????????
??????????? lysis buffer (50 mM Tris-HCl, 50 mM NaCl, 0.1% Triton 
X-100, 5 mM EDTA, 1.0 mM Na3VO4, 5.0 mM Na4P2O7, 1.0 mM PMSF, 10 µg/mL 
aprotinin, 10 µg/mL leupeptin/antipain, pH 7.6) ? 1 mL????????????
????? ???? ?????? ??????????????????? ?????
?????????? lysate 1 mL??????????? 67.5% (w/v) sucrose
????? STE buffer (50 mM Tris-HCl, 50 mM NaCl, 5 mM EDTA and 1.0 mM 
Na3VO4, pH 7.6) 2 mL????????? 35% (w/v) sucrose??? 5% (w/v) sucrose
? ???
??? 3 mL?????????? SW41Ti???????????? (XL-90, 
BECKMAN)?????? 200,000?g? 4????????? 16???????
???????? 1 mL?????????? fraction No.1-9????????
??????????????? Laemmli sample buffer (75 mM Tris-HCl, 2% SDS, 
10% glycerol, 3% 2-mercaptoethanol, 0.003% bromophenol blue) ?????95?? 5
???????????????????????????????????
??????????? lysate?????? 2??????Laemmli sample buffer
????? total lysate (lys) ???? 
 
2-2-7.? ????????????  
? ?????????? 11%??????????????????????
???????????????????? (AE-6675, ATTO) ????? PVDF
? (Hybond P, Amersham) ????????PVDF??3%????????TBST 
(10 mM Tris, 100 mM NaCl, 0.1% Tween 20, pH 7.4) ??????? 2?????
?????????? 3%???????? TBST?????????? 4??
???????????????????anti-flotillin-1 antibody (BD Biosciences, 
300 ???) ?anti-flotillin-2 antibody (BD Biosciences, 1000 ???) anti-Gαq/11 
antibody (Santa cruz, 1000???) ?ant-Gαs antibody (Calbiochem, 1000???) ?
anti-Gβ antibody (Upstate, 1000???) ????TBST? 5?????PVDF??
3%???????? TBST????????????????? 2?????
???????????? horseradish peroxidase (HRP) conjugated anti-mouse IgG 
antibody (Amersham, 5000???) ????HRP conjugated anti-rabbit IgG antibody 
(Cell signaling, 5000???) ?????TBST? 5?????????????
? (ECL, Amersham) ?????HRP???????????????????
????????? (Hyperfilm ECL, Amersham) ??????????? 
? ???
2-2-8.? ??????????  
? ??????????????????????????????????
?? GM1???????????????????????????????
? 3 µL? STE buffer 100 µL?????????????? (Hybond-C super, 
Amersham) ?????????????? (DB-100, SANPLATEC) ?????
???????????????????? 3%???????? TBST???
???? 2?????????????? 10 ng/mL HRP conjugated cholera toxin 




2-2-9.? [Tyr3]???????????  
? ?????????????????????????????? 3 ???
Leu? Tyr?????[Tyr3]???????????ganglioside mixture????
??? asialo-GM1???? Tyr ?????????????????????
????????????37????? 10 µM [Tyr3]????????????
???? ganglioside mixture??????? asialo-GM1?????1?????
????? (F-2000, ??)?? 280 nm??????????[Tyr3]??????
? Tyr?????????????????? 
 
2-2-10.? LDH????  
? Lactate dehydrogenase (LDH) ??????????????????? C??









???????????????????????? 10 µL????? (2.5 mM 
nicotinamide adenine dinucleotide, 0.49 mM nitrotetrazolium blue, 1.8 U/mL 
diaphorase, 0.1 M lithium lactate, 0.1 M Tris, pH 8.4) 100 µL?????37?? 10?
???????????????????0.1 N HCl 1 mL??????????
???????? (UVmini 1240, ??) ????? 560 nm??????????
?????????? 0.1% Triton X-100????????????? total LDH 
(100%) ???????????? LDH release (%) ???????????? 
 
2-2-11.? ??? cAMP??????  
? ??? cAMP???????????[3H]adenine????????????
????[3H]cAMP??????????????1321N1??? 24-well???
??? 1.0?105 cells/well?????2??????PTX????? well?? 100 
ng/mL PTX??????? 20????????????2 µCi/mL [3H]adenine?
?? DMEM ?????3-4 ?? CO2 ??????????????????
Tyrode?? 2?????2 mM EGTA??? PDE?????? Ro20-1724? 100 
µM??? Tyrode??????37??????????????? 3000 dpm/mL 
[14C]cAMP??? 5% ???? (perchloric acid; PCA) ????????????
??? PCA???????4.2 N KOH ? PCA???? 0.1????? potassium 
perchlorate??????????????? 0.1 N HCl 10 mL????????10 
mL? 3???????? Dowex 50W-8X??? (200-400 mesh, H+ form, bed 
? ???
volume 1.4 mL, Bio-Rad) ??????????? 2 mL?????[3H]cAMP??
???? 8 mL????????????? 100 mM imidazole-HCl (pH 7.6) ??
???????????? (neutral, bed volume 1.1 mL, Merck) ????????
??[3H]cAMP? 100 mM imidazole-HCl (pH 7.6) 4 mL????????????
???????????????????????[3H]cAMP????????
???????[14C]cAMP ??????[3H]cAMP ?????????????
?????? [3H]adenine???????????? (%) ???????? 
 
2-2-12.? ????????????????  
? ???????????????????150-mm????????????
????????? 1321N1??? Tyrode?? 2?????????????
???????????????? lysis buffer (20 mM HEPES, 20 mM KCl, 2.5 
mM MgCl2, 2.0 mM EGTA, 1.0 mM DTT, 1.0 mM PMSF, 10 µg/mL aprotinin, 10 
µg/mL leupeptin/antipain, pH 7.4) ?????????????? 600?g, 4?? 10
???????????????????? 20,000?g, 4?? 1 ???????
???????????????????????? (0.32 M sucrose, 5 mM 
MgCl2, 10 mM HEPES, pH 7.4) ?????????????-80??????? 
?  ????????????????? incubation buffer (110 mM KCl, 10 mM 
NaCl, 1 mM KH2PO4, 0.4 mM MgCl2, 1 mM EGTA, 0.2 mM CaCl2, 0.1 mM ATP, 20 
mM HEPES, 1.0 mM DTT, 1.0 mM PMSF, 10 µg/mL leupeptin/ antipain pH 7.0) ?
0.7 mg/sample??????????? 4?? 30??????????????
25,000?g, 4?? 20???????????????????????????
????? 5%?????? TCA????10,000?g, 4?? 10????????
?????????????????????????? 2 ???????
sample buffer (0.3 M Tris, 4.12% SDS, 16.7% glycerol, 16.7 mM Tris-HCl, 0.025% 
? ???
bromophenol blue, 70 mM DTT) ????? 95?? 5?????????????
???????? G ??????????????????????????
??????? ???????? (NIH image 1.62) ????????? 
 
2-2-13.? ????  
? 1321N1???? Gαs-GFP???????? 1321N1???????????
??????????????? EMEM-20 mM HEPES (pH 7.4) ?????300 
µg/mL ganglioside mixture????????????? 30 µM ??????? 10
???????????????????????4%?????????? 
(paraformaldehyde; PFA) ????? 15??????????????????
???????????? (phosphate buffer saline; PBS) ?????0.05% Triton 
X-100 ????? 10 ????????????????????????1% 
bovine serum albumin (BSA) ?? PBS?? 37??30?????????????
????anti-flotillin-2 antibody (BD Biosciences, 300???) ?? anti-Gβ antibody 
(Upstate, 200 ???) ? 37??? 2 ?????? Alexa Fluor 594-conjugated 
anti-mouse IgG (Molecular Probes, 500 ???) ?? Alexa Fluor 488-conjugated 
anti-rabbit IgG (Molecular Probes, 500???) ? 1??????????????
?????????????PBS???????????? fluorescent mounting 




? ????????????????? (S.E.M.) ?????????????
?????? Student’s t-test????????Dunnett?????????P < 0.05
???????????? 
? ???
2-3.? ????  
 
2-3-1.? UTP???  [Ca2+]i????????????????????  
? ????Gq?????????????????????????????
P2Y2??????????? UTP? PC-12?????????[Ca2+]i ????
???????????????????????????? Ca2+?????
Ca2+?????????[Ca2+]i ???????????????? [64] ????
UTP ??? PLC ????????????????? Ca2+?????[Ca2+]i?
?????????????? Ca2+???????????? 3.3 mM EGTA?
?????????? 
? P2Y2???? Gαq/11????????UTP??????? Gq/11-PLC????
??? inositol 1,4,5-trisphosphate (IP3) ??????[Ca2+]i??????????
???????10 µM ?????????????????????????
??????????? (Fig. 3A)????100 µM UTP???[Ca2+]i?????
???????????????????????????????????
???[Ca2+]i???????30 µM?????????? (Fig. 3B)?1321N1 ?
????????????????[Ca2+]i?????????????????
????????????????????????? [64]?????????

















Fig. 3. Effect of mastoparan on UTP-induced [Ca2+]i elevation in PC-12 cells.   
PC-12 cells loaded with fura 2 were suspended in the modified Tyrode solution in a concentration of 
1.0×106 cells/mL.  (A) UTP (0-100 µM)-induced [Ca2+]i elevation in the presence (?) or absence (?) of 
10 µM mastoparan under an extracellular Ca2+ free condition (in the presence of 3.3 mM EGTA).  The 
cells were preincubated with mastoparan for 100 s, then incubated with UTP.  * Significant difference 
between UTP alone and UTP plus mastoparan (P < 0.05).  (B) Concentration-dependent inhibition by 
mastoparan of UTP-induced [Ca2+]i elevation. UTP (100 µM)-induced [Ca2+]i elevation was determined in 
the presence of various concentrations of mastoparan (0-30 µM) under an extracellular Ca2+ free condition.  
* Significant difference from without mastoparan (P < 0.05).  The data are mean ± S.E.M. of three 
experiments.   
 
2-3-2.? PI??????????????????????  































Fig. 4. Characterization of mastoparan-induced inhibition of UTP-elicited phosphoinositide 
hydrolysis.   
PI hydrolysis was monitored by measuring [3H]inositol phosphates (IP).  (A) Concentration-dependent 
inhibition of UTP-induced PI hydrolysis by mastoparan.  PC-12 cells were labeled with 2 µCi/mL of 
[3H]inositol overnight. After the cells were preincubated with mastoparan for 6 min at the indicated 
concentrations, they were incubated with 100 µM UTP for 6 min.  Accumulated [3H]IP was analyzed as 
described in “Materials and Methods” in detail.  (B) Influence on the inhibition of PI hydrolysis by 
mastoparan of treatment with PTX.  PC-12 cells were cultured in DMEM containing 2 µCi/mL of 
[3H]inositol and 100 ng/mL PTX for 20 h.  After the treatment with 10 µM mastoparan (MP) for 8 min, 
the cells were incubated with 100 µM UTP for 8 min. Then, accumulated [3H]IP was identically analyzed.  
The data are mean ± S.E.M of six experiments.  * Significant difference from without mastoparan (P < 
0.05). 
? ???
























Fig. 5. Concentration-dependent inhibition of UTP-induced PI hydrolysis by MβCD. 
[3H]IP-labeled PC-12 cells were treated with MβCD for 30 min at the indicated concentrations, and then 
incubated with 100 µM UTP for 6 min.  The data are mean ± S.E.M of six experiments.  * Significant 
difference from without MβCD (P < 0.05). 
? ???
2-3-4.? ????????????? DRM???????????  
? ? ? ????????????????????????  
? ??????????????????????????????????



















Fig. 6. Effect of mastoparan and UTP on the distribution of signaling molecules in the PC-12 cells. 
(A) PC-12 cells were incubated with 10 µM mastoparan (MP) for 10 min in modified Tyrode solution.  
After solubilization with lysis buffer containing 0.1% Triton X-100 described in “Materials and Methods”, 
cell lysates were applied to sucrose density gradient centrifugation.  Each sample was separated into nine 
fractions, and signaling molecules such as flotillin-1, Gαq/11 in the fractions were analyzed by 
immunoblotting.  For determining ganglioside GM1, dot blot analysis was used.  DRM fraction was 
collected into fourth fraction.  
? ???
???????? Gαq/11 ????????????????????????
????????PC-12??? 100 µM UTP???????? Gαq/11?????
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????????UTP ????? PI ???????? ???10 µM ?????
????????????????40%???????????20 µg/mL (??
????1800?????10 µM) ganglioside mixture?????????????
?????????????????? (Fig. 7B)????10 µM ???????
???????????????????????????????????1 
mM??????????????????????????????????















Fig. 7. Attenuation of the inhibitory effect of mastoparan on UTP-induced PI hydrolysis by 
neuraminidase or ganglioside mixture. 
(A) The cells were pretreated with neuraminidase for 20 min, and they were incubated with (?) or 
without (?) 10 µM mastoparan for 6 min, followed by the incubation with 100 µM UTP for 6 min.  The 
data are mean ± S.E.M of six experiments.  * Significant difference from without mastoparan (P < 0.05). 
(B) [3H]Inositol-labeled PC-12 cells were preincubated for 6 min with 10 µM sialic acid (SA) or 20 
µg/mL ganglioside mixture (gan), and then they were incubated with 10 µM mastoparan for 6 min 
followed by incubation with 100 µM UTP for 6 min.  The data are mean ? S.E.M of three experiments.  





























Fig. 8. Changes in fluorescence of [Tyr3]mastoparan by ganglioside mixture. 
The fluorescence emission spectra of [Tyr3]mastoparan was recorded at 37? in the presence or absence 
of ganglioside mixture (A) or sialic acids (B).  The fluorescence emission spectrum of 10 µM 
[Tyr3]mastoparan was monitored in the absence (b) or presence of 10 µg/ml (c) and 100 µg/ml (d) of  
ganglioside mixture or sialic acids.  The fluorescence emission spectrum of 100 µg/ml ganglioside 
mixture or sialic acids without [Tyr3]mastoparan was shown in (a).  (C) The fluorescence emission 
spectrum of 10 µM [Tyr3]mastoparan was monitored in the absence (b) or presence of 10 µM (c) and 30 
µM (d) of  asialo-GM1.  The fluorescence emission spectrum of 30 µM asialo-GM1 without 
[Tyr3]mastoparan was shown in (a). 
? ???
? Tyr?280 nm?????????????306 nm?????????????
????????? [70]????10 µM [Tyr3]???????280 nm?????
????306 nm???????????????????? (Fig. 8A-b)? 
??306 nm?????????10 µg/mL????100 µg/mL ganglioside mixture
???????????????????? (Fig. 8A-c, d)????ganglioside 
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Fig.9. Inhibition of mastoparan-indeced cytotoxicity by gangliosides. 
PC-12 cells (A) or 1321N1 cells (B) were suspended in the modified Tyrode solution at the concentration 
of 106/mL.  Cells were incubated with mastoparan at the indicated concentration for 15 min and 
centrifuged.  LDH activity in supernatants after centrifugation was measured as described under 
“Materials and Methods.”  The data are mean ± S.E.M of six experiments.* Significant difference from 
without mastoparan (P < 0.05). (C) PC-12 cells at the concentration of 106 cells/mL in modified Tyrode 
solution, were preincubated with various concentrations of ganglioside mixture or sialic acid for 15 min, 
and they were incubated with 10 µM mastoparan (MP) for 15 min.  * Significant difference between 
mastoparan alone and mastoparan plus gangliosides (P < 0.05).  (D) Inhibition of 10 µM 
mastoparan-induced cytotoxicity by GM1 (?), GD1a (?), GD1b (?), GT1b (?), asialo-GM1 (?) and 
GQ1b (?).  The data are mean ± S.E.M of six experiments.  * Significant difference from without 
gangliosides (P < 0.05). 
? ???
GT1b, GQ1b [71] ????????????asialo-GM1?6??????????
???????????????????????? (Fig. 9D)?GM1, GD1a, 
GD1b, ??GT1b???????????????LDH???????????








?β1????????????????? (isoproterenol; Iso) ????????








???????????????? (Fig. 10B)????ganglioside mixture???





















Fig. 10. Effect of mastoparan on cAMP production by Iso in 1321N1 cells. 
(A) Concentration-dependent inhibition of the Iso-induced cAMP production induced by mastoparan.  
1321N1 cells were labeled with 2 µCi/mL [3H]adenine for 3 h.  After the cells were preincubated with 
mastoparan for 8 min at the indicated concentrations, they were incubated with (?) or without (?) 10 
µM Iso for 8 min in the presence of 100 µM Ro20-1724.  [3H]cAMP levels were analyzed as described in 
“Materials and Methods”.  (B) 1321N1 cells were cultured in DMEM containing 100 ng/mL pertissis 
toxin (PT) for 24 h before labeling with [3H]adenine.  After treatment with 30 µM  mastoparan (MP) in 
the presence or absence of  300 µg/mL ganglioside mixture (G), cells were incubated with 10 µM 
isoproterenol (Iso) for 8 min.  cAMP production was expressed as [3H]cAMP per [3H]adenine 
incorporated into cells (%).  (C) Effect of ganglioside mixture on the inhibition of cAMP production by 
mastoparan.  Cells were pretreated with ganglioside mixture (10-300 µg/mL) for 8 min, and incubated 
with (?) or without (?) 10 µM maastoparan for 8 min, followed by incubation with 10 µM Iso for 8 min.  
The data are means ± S.E.M. of six experiments.  * Significant difference without pretreatment (P < 
0.05). 
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Fig. 11. Effect of mastoparan on the distribution of signaling molecules in cells. 
(A) 1321N1 cells were incubated with 30 µM mastoparan (MP) for 10 min or 10 mM MβCD for 30 min 
in Tyrode solution and solubilized with lysis buffer.  Cell lysates were separated into nine fractions by 
sucrose density gradient centrifugation and the presence of signaling molecules, such as flotillin-1, Gαs 
and Gβ, in the fractions was analyzed by immunoblotting.  Gαs was seen as two bands representing the 
long and short forms of Gαs.  The DRM fraction was the fourth fraction.  Results were representation of 
three independent experiments.  (B) The densities of the bands corresponding to G proteins and flotillin-1 
were analyzed by densitometry (NIH Image 1.62), and the data were expressed as the percentage of the 
sum of all bands.  The data are means ± S.E.M. of three experiments.  * Significant difference from 
control (P < 0.05).  (C) 1321N1 cells were incubated with 10 µM isoproterenol (Iso) for 8 min and were 
solubilized with lysis buffer.  After the sample was fractionated by sucrose density gradient centrifugation, 
flotillin-1and Gαs in the fractions were analyzed by immunoblotting. 
? ???































Fig. 12. Release of G proteins from plasma membranes by mastoparan. 
Membrane preparations were as described in the "Materials and methods" section.  They were incubated 
with 30 µM mastoparan (MP) in the presence or absence of a 300 µg/mL ganglioside mixture (gan) for 30 
min.  The proteins in the supernatant were collected by precipitating with TCA, and Gαs (A) and Gβ (B) 
were detected by immunoblotting.  (C) Membrane preparations were incubated with 30 µM MP, 10 mM 
MβCD or 10 µM isoproterenol (Iso) for 30 min at 4?.  The proteins in the supernatant were collected by 
precipitating with TCA, and Gαs was detected by immunoblotting.  The densities of the bands 
corresponding to G proteins were analyzed by densitometry (NIH Image 1.62).  The data are means ± 
S.E.M. of three experiments.  Comparisons between the groups were conducted using the Student’s t-test.  
* Significant difference from control (P < 0.05).  ** Significant difference between mastoparan alone and 
mastoparan plus ganglioside mixture (P < 0.05).  Results were representation of three independent 
experiments. 
 
















































Fig. 13. Changes in the subcellular localization of Gα s and Gβ  following treatment of cells with 
mastoparan. 
(A) 1321N1 cells stably expressing Gαs-GFP were incubated with 30 µM mastoparan (MP) in the 
presence or absence of 300 µg/mL ganglioside mixture for 10 min at 37?.  After fixation and 
permeabilization, cells were immunostained for flotillin-2 (red), and the immunolabeled cells were 
analyzed using a confocal laser scanning microscope.  The yellow color in merge photographs indicates 
colocalization of Gαs-GFP and flotillin-2.  (B) 1321N1 cells were incubated with 30 µM MP in the 
presence or absence of 300 µg/mL ganglioside mixture for 10 min at 37?.  After fixation and 
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Fig. 14. The structure of each ganglioside. 
? ???
 
? ??????? 3?? Lys??? N??????????? 4??????
???????????????????????????C???? 12??
????? α-?????????????? 3?? Lys??????????
???????????????????????????????????




















Fig. 15. The three-dimensional structure of mastoparan (1D7N.pdb [81]) 
The part where the color is thick is hydrophilic site.  On the other hand, the part where the color is light is 
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Taniyama? [85] ? T??????????????????????????
?????????????????? linker for activation of T cells (LAT) ??






???????????? COS ???????regulator of G protein signaling 
(RGS) ?N?????????????????????????????RGS




???????GPCR ????????????? C ???????????
????? Cys???????? [87, 88]?????????????????





???????????????? [90] ??????? G?????????
??????????????????????? G ???????????
????????? (Table 2) [91]?Gα?????????? N???????
? ???
??? S-??????????????????????????????Gi
????????? Gαi? Gαi?Gαz?? Gs????????? Gαs??? N-
???????? S-???????????????????????Gi??
??????? Gαt? N-???????????????????Gq????
?? Gαq? G12?????? Gα12? S-??????????????????
?? Gγ????????????????????????????????
????????????????????????????????????


































????????????? G?????? GPCR??????? Gα? Gβγ
?????Gα? PLC? AC?????????????????????Gβγ
?????????????????Gβγ???????????c-Src ???







3-2.? ????  
 
3-2-1.? ??  
?????????????????????2-bromo palmitate ? Sigma Aldrich




3-2-2.? ????  
   PC-12????1321N1?????????????????2-2-3?????




3-2-3.? ?????????  




3-2-4.? Biotin-HPDP acyl-biotinyl exchange method 
? ?????????????????? Biotin-HPDP acyl-biotinyl exchange 
method???? [96]? 
?  100-mm?????????? 1321N1??? EMEM-20 mM HEPES?????
30 µM ??????? 37??? 10????????????????????
????lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2.0 mM EGTA, 1% Triton 
? ???
X-100, 1.0 mM PMSF, 10 µg/mL leupeptin/antipain, 10 µg/mL aprotinin, pH 7.4) ??
??????????????? ???? ?????? ??????????????
??????????250?g? 5????????????????1.5 mL tube 
2 ????????????-??????????????????????
?????????????? 5 mM N-ethylmaleimide (NEM) ???? 4???
?????????????????? NEM???????????????
?-???????? 3????NEM??????hydroxylamine (+) buffer (0.7 M 
hydroxylamine, 1 mM HPDP, 0.2% Triton X-100, 1.0 mM PMSF, 10 µg/mL 
leupeptin/antipain, pH 7.4) ?? hydroxylamine (-) buffer (50 mM Tris-HCl, 1 mM 
HPDP, 0.2% Triton X-100, 1.0 mM PMSF, 10 µg/mL leupeptin/antipain, pH 7.4) ??
??? 90???????????????????????????????
???-???????? 1??????0.2 mM HPDP????? 90????
??????????????????????????????????
HPDP ???????????????????????????????-?
??????? 3??????? HPDP???????0.1% SDS?? buffer?
???? 30????????15,000?g? 1????????????????
?????? Laemmli sample buffer????????????????????
?????? (total cell lysate; TCL)???????Wash buffer (150 mM NaCl, 50 
mM Tris-HCl, 5.0 mM EDTA, 0.1% SDS, 0.2% Triton X-100) ??????
streptavidin UltraLink resin 30 µL???????? 90????????????
Wash buffer? resin??????????????????1% 2-mercaptoethanol
????????????????HPDP?????????????????




3-2-5.? ERK1/2????????????????  
? PC-12???? GRK2-ct???? PC-12??? 2.0?105 cells/well?????
? 12-well??????????3??????FCS-free DMEM???????
6???????PTX??????????????24?????100 ng/mL PTX
? DMEM????????? EMEM-20 mM HEPES?????2 mM EGTA?
? EMEM-20 mM HEPES ??????????????????????
Laemmli sample buffer??????????????95?? 5????????
????????????????????? 
 
3-2-6.? ????????????  
? ????????????? 2-2-7 ??????????????????
anti-phospho-ERK1/2 antibody (Cell Signaling, 1000???) ?anti-ERK1/2 antibody 
(Cell Signaling, 1000???) ????? 
? ???
3-3.? ????  
 
3-3-1.? Gα s??????????????????????  
? ??????? Gα???????????????????????? Gα
???????????????????????????????????
??????????? 1321N1 ????????????????????
? Gαs????????????????????????????? 2-bromo 
palmitate  [97] ???????????????1321N1??? 2-bromo palmitate 
? 12????????????????????????? 9???????
????DRM ????? Gαs??????????????????2-bromo 
palmitate ????? DRM?? Gαs????????????? (Fig. 17)????
flotillin-1???????????????? DRM?????????????











Fig. 17. Effect of 2-bromo palmitate  on the distribution of signaling molecules in 1321N1 cells. 
1321N1 cells were incubated with 100 µM 2-bromo palmitate (2-BP)  for 12 h in DMEM and solubilized 
with lysis buffer.  Cell lysates were separated into nine fractions by sucrose density gradient 
centrifugation and the presence of signaling molecules, such as flotillin-1 and Gαs, in the fractions was 
analyzed by immunoblotting.  The DRM fraction was the fourth fraction. 
? ???
3-3-2.? Gα s???????????????????????  
? ??????????????????????????????????
biotin-HPDP acyl-biotinyl exchange ????? Gαs?????????????
???????????????????????????????????
? 3 ?????????????????????????????????





































Fig. 18. Effect of mastoparan on the Gα s-palmitoylation cycle. 
(A) The scheme of biotin-HPDP acyl-biotinyl exchange method.  (B) 1321N1 cells were treated with 10 
µM mastoparan (M) or vehicle (C) for 10 min.  After solubilization, lysates were incubated with 5 mM 
NEM overnight at 4?.  Next, lysates were incubated with hydorxylamine (+) buffer or hydroxylamine (-) 
buffer for 90 min at room temperature, and then incubated with 0.2 mM biotin-HPDP for 90 min at room 
temperature.  Then, a part of the lysates were mixed with Laemmli sample buffer (TCL).  Biotinylated 
proteins in lysates were collected by streptavidin-agarose (Pell) and non-biotinylated proteins in 
supernatant were mixed with Laemmli sample buffer (Sup).  Gαs and flotillin-1 were detected by 
immunoblotting. 
 
3-3-3.? ????????? ERK1/2?????  
? ?????????? Gβγ ???????????????????? Gβγ
?????????? ERK1/2????????? PC-12??????????
????????????????? 10???????????? ERK1/2?
????????? (Fig. 19A)??????? Gβγ?????????? Akt?
? ???
????????????????????? (data not shown)???????
?????? ERK1/2?????? ganglioside mixture???????????
??????????????????Gq??Gs??????????????
????????????????????????????? (Fig. 19B, C)? 
 
3-3-4.? ????????? ERK1/2????????? Gβγ ?????  
              ??  
? ????????? ERK1/2 ?????? Gβγ ?????????????
??????????Gβγ???????Gβγ?????????GRK2-ct [99] 
???????? PC-12?????????????????? GRK2-ct ?? 











Fig. 19. Effect of ganglioside mixture and neuraminidase on mastoparan-induced phosphorylation 
of ERK1/2. 
(A) Time-dependency of mastoparan-induced phosphorylation of ERK1/2.  Serum-starved PC-12 cells 
were treated with 10 µM mastoparan (MP) or 100 ng/mL EGF (E) for 5 min in the presence of 2 mM 
EGTA for the indicated times.  Phosphorylated ERK1/2 and total ERK1/2 were detected by 
immunoblotting.  (B) PC-12 cells were incubated with 10 µM mastoparan (M) for 10 min or 100 ng/mL 
EGF (E) for 5 min in the presence or absence of 300 µg/mL ganglioside mixture (gan).  (C) After  the 
treatment of cells with 10 mU/mL neuraminidase (neu), PC-12 cells were incubated with 10 µM 
mastoparan (M) for 10 min or 100 ng/mL EGF (E) for 5 min. 
? ???
????????????????????????????????
lysophosphatidic acid (LPA) ??????????LPA?????? Gi/o????
????Gβγ???? ERK1/2??????????? [100]?GRK2-ct???
? PC-12?????????? LPA???? ERK1/2???????????
???????????????? ERK1/2 ?????? Gβγ ???????









Fig. 20. Participation of Gβγ  signaling in mastoparan-induced phosphorylation of ERK1/2. 
PC-12 cells were cultured in DMEM containing 100 ng/mL pertussis toxin (PTX) for 24 h.  PTX-treated 
cells and PC-12 cells stably expressing GRK2-ct were starved for 6 h, and then incubated with 10 µM 
mastoparan (M) for 10 min, 100 ng/mL EGF (E) for 5 min or 10 µM LPA (L) for 5 min in the presence of 
2 mM EGTA.   Phosphorylated ERK1/2 and total ERK1/2 were detected by immunoblotting.   
? ???
3-4.? ??  
 
3-4-1.? G??????????????????????????  
???????????????????????????????? palmitoyl 
acyltransferase (PAT)?????????????? acyl-protein thioesterase 
(APT) ????????????????? palmitate turnover????????
?? [101, 102]?????Wedegaertner? [92] ?[3H]palmitate????????
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??????? G ???????????? Gα ?????????????
??????????????????? Gβγ ??????????????
????????? 
? ??????????????? G ??????????????? Gi/o?
???????????????????????????????????
Gi/o? GDP/GTP??????????? [36]???????????????
??? PTX???????????????????? [82, 112] ??????







?????????? Gαi/o??? AC ????????????????Gαi/o








Fig. 22. A possible mechanism of mastoparan (MP)-induced inhibition of Gα  signaling and 
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?????????????????????GT1b = GD1b > GD1a > GM1??
????????asialo-GM1 ??????????????????????
???????????????????????????????????
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? ??????? Gαs-GFP fusion protein expression plasmid?????????
? Prof. Mark M. Rasenick (University of Illinois at Chicago, College of Medicine, 
Chicago, Illinois) ?GRK2-ct expression plasmid???????????????
???????? ????????????????? 
? ??????????????????????????????????
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